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Observation of a new excited beauty strange baryon





+π− invariant mass spectrum is investigated with an event sample of
proton-proton collisions at
√
s = 13 TeV, collected by the CMS experiment at the
LHC in 2016–2018 and corresponding to an integrated luminosity of 140 fb−1. The
ground state Ξ−b is reconstructed via its decays to J/ψΞ
− and J/ψΛK−. A nar-
row resonance, labeled Ξb(6100)
−, is observed at a Ξ−b π
+π− invariant mass of
6100.3± 0.2 (stat)± 0.1 (syst)± 0.6 (Ξ−b )MeV, where the last uncertainty reflects the
precision of the Ξ−b baryon mass. The upper limit on the Ξb(6100)
− natural width is
determined to be 1.9 MeV at 95% confidence level. The low Ξb(6100)
− signal yield
observed in data does not allow a measurement of the quantum numbers of the new
state. However, following analogies with the established excited Ξc baryon states,
the new Ξb(6100)
− resonance and its decay sequence are consistent with the orbitally
excited Ξ−b baryon, with spin and parity quantum numbers J
P = 3/2−.
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The Ξb baryon family consists of isodoublet states composed of bsq quarks, where q represents
an up or a down quark for the Ξ0b and Ξ
−
b states, respectively. According to the quark model for
baryons containing one heavy quark [1], three such isodoublets that are neither orbitally nor
radially excited should exist, including one with the light diquark angular momentum jqs = 0
and spin-parity JP = 1/2+ (the Ξb ground states), one with jqs = 1 and J
P = 1/2+ (the Ξ ′b),
and one with jqs = 1 and JP = 3/2+ (the Ξ∗b). Various theoretical models and calculations
predict a spectrum of excited Ξb baryons [2–16]. Three of the four excited states with jqs = 1
have been observed at the CERN LHC [17–19] via their Ξ−b π
+ and Ξ0bπ
− decays, in agreement




threshold, making a strong transition to Ξ−b kinematically impossible. The next prominent
isodoublets, in analogy with the quark model assumptions for the well-established excited
Ξc baryons [20], are orbitally excited P-wave Ξb
∗∗ states with JP = 1/2− (3/2−), expected to
decay to Ξ ′b(Ξ
∗
b)π [12, 13, 21]. Recently, the LHCb Collaboration reported the observation of
the Ξb(6227)
− [22] and Ξb(6227)
0 [23] states, the former decaying to both Λ0bK
− and Ξ0bπ
−, and
the latter to Ξ−b π
+.
This Letter presents a search for Ξ−b excited states in the Ξ
−
b π
+π− invariant mass spectrum,
performed using proton-proton (pp) collision data samples collected by the CMS experiment
at the LHC at
√
s = 13 TeV in 2016–2018, corresponding to an integrated luminosity of 140 fb−1.
The ground state Ξ−b is reconstructed via its decays to J/ψΞ
− and J/ψΛK−, followed by the de-
cays J/ψ → µ+µ−, Ξ− → Λπ−, and Λ → pπ−. The decay topologies are illustrated in Fig. 1.
For the Ξ−b → J/ψΛK− decay mode, following the studies reported by the LHCb Collabora-
tion [24], the partially reconstructed Ξ−b → J/ψΣ0K− channel is also used, where the photon
from the Σ0 → Λγ decay is too soft to be detected. The inclusion of charge-conjugated states
is implied throughout this Letter. A signal peak, hereafter referred to as Ξb(6100)
−, is clearly
observed near the Ξ−b π
+π− kinematic threshold, with a decay sequence consistent with being
the Ξb(6100)
− → Ξ∗0b π− → Ξ
−
b π
+π− decay. The Ξb(6100)
− mass and an upper limit on its
width are also measured.
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Muons are detected in
gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A more
detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in Ref. [25].
Events of interest are selected using a two-tiered trigger system. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors [26]. The second level, known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction software optimized for fast pro-
cessing [27]. The events used in the analysis were selected at L1 by requiring the presence of
at least two muons, and at HLT by requiring that the two muons have opposite sign (OS), with
various thresholds on the pseudorapidity η and momentum transverse to the beam axis pT,
compatible with being produced in the dimuon decay of J/ψ mesons.
Several simulated event samples are used in the analysis. The PYTHIA 8.230 package [28] is
used to simulate the production of the Ξb(6100)
− state, where the Σ−b baryon, with a modified
mass value, is used as a proxy for an excited Ξb(6100)
− state. The Ξb(6100)
− → Ξ−b π+π− (in-
cluding both resonant Ξ∗0b π
+ → Ξ−b π+π− and non-resonant Ξ
−
b π
+π− modes), Ξ−b → J/ψΞ−,
Ξ−b → J/ψΛK− (including Ξ
−
















































Figure 1: The Ξb(6100)
− → Ξ−b π+π− decay topology, where the Ξ
−
b decays to J/ψΞ
− (left) or
to J/ψΛK− (right). The numbers in blue are average decay lengths.
eled with EVTGEN 1.6.0 [29], where final-state photon radiation is included using PHOTOS
3.61 [30, 31]. The generated events are then passed to a detailed GEANT4-based simulation [32]
of the CMS detector, including the same trigger and reconstruction algorithms as used for the
collision data. The simulation includes effects from multiple pp interactions in the same or
nearby bunch crossings (pileup) with a multiplicity distribution matching the measured one.
The selection criteria are optimized using the Punzi figure of merit [33], which does not rely on
the signal normalization. The expected background is estimated from data using the same-sign
(SS) control region described below, while the signal efficiency is obtained from the simulated
Ξb(6100)
− → Ξ−b π+π− events. The Ξ
−
b → J/ψΞ− and Ξ
−
b → J/ψΛK− requirements are opti-
mized separately.
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Events are required to have two OS muons passing the CMS soft-muon selection criteria [34]
and satisfying pT(µ±) > 3 GeV and |η(µ±)| < 2.4. The muons must form a common vertex
with χ2 probability Pvtx above 1%. The dimuon invariant mass must be within 100 MeV of
mPDGJ/ψ (hereafter, m
PDG
X denotes the world-average mass of hadron X [20]), corresponding to
about three times the mass resolution. The Λ candidates are formed from displaced two-prong
vertices, assuming the decay Λ → pπ−, as described in Ref. [35]. The pπ− reconstructed
mass is required to be within 10 MeV of mPDGΛ , corresponding to about three times the mass
resolution. The two tracks are then refitted with their invariant mass constrained to mPDGΛ . The
obtained Λ candidates are required to have pT > 1 GeV and Pvtx > 1%.
For the Ξ−b → J/ψΞ− channel, the Ξ− → Λπ− candidates are obtained by combining charged
particles of pT > 0.25 GeV with the selected Λ candidates. The reconstructed Ξ− must have
Pvtx > 1%, pT > 3 GeV, and invariant mass within 9.5 MeV of mPDGΞ− , corresponding to about
three times the mass resolution. The Ξ−b candidates are obtained by performing a µ
+µ−Ξ−
kinematic vertex fit, constraining the dimuon invariant mass to mPDGJ/ψ .
For the Ξ−b → J/ψΛK− decay channel, the Λ candidates must pass stricter requirements:
pT > 2 GeV and |M(pπ−)−mPDGΛ | < 9 MeV. The charged kaon candidates are particle tracks
with kaon mass assignment satisfying high purity tracking requirements [36] and pT > 1.2 GeV.
The Ξ−b candidates are reconstructed by fitting the µ
+µ−ΛK− vertex with the J/ψ mass con-
straint. Since the photon from the Σ0 → Λγ decay is not detected, both Ξ−b → J/ψΛK− and
Ξ−b → J/ψΣ0K− decays contribute to the µ+µ−ΛK− reconstructed combination.
The Ξ−b candidates are required to have Pvtx > 1% and pT > 10 (15)GeV for the Ξ
−
b → J/ψΞ−
(Ξ−b → J/ψΛK−) channel. From all reconstructed pp collision vertices, the primary vertex (PV)
is chosen as the one with the smallest pointing angle, as done in Refs. [37–40]. The point-
ing angle is the three-dimensional angle between the Ξ−b candidate momentum and the vec-
tor joining the PV with the reconstructed Ξ−b candidate decay vertex. The decay length Lxy
of the Ξ−b candidate in the transverse plane, computed as the two-dimensional distance be-
tween the PV and the Ξ−b decay vertex, is required to be at least three times larger than its
uncertainty σLxy . The ~pT(Ξ
−
b ) is required to be aligned with the transverse displacement vector:
cos(α(Ξ−b , PV)) > 0.99 (0.993) for the Ξ
−
b → J/ψΞ− (Ξ
−
b → J/ψΛK−) channel, where α(Ξ
−
b , PV)
is the pointing angle in the plane transverse to the beams. Two additional topological require-
ments are applied: the cosine of the pointing angle, cos(α(Ξ−, Ξ−b )), must be larger than 0.999
for the Ξ−b → J/ψΞ− channel; and Lxy/σLxy(Λ, Ξ
−
b ) > 20 for the Ξ
−
b → J/ψΛK− channel. Be-
sides, the pion emitted in the Ξ− → Λπ− decay and the kaon emitted in the Ξ−b → J/ψΛK−
decay must have dxy/σdxy > 0.9 and 0.6, respectively, where dxy is the impact parameter in the
transverse plane with respect to the PV, and σdxy is its uncertainty.
The invariant mass distributions of the selected Ξ−b candidates are shown in Fig. 2 for the J/ψΞ
−
(left) and J/ψΛK− (right) channels. The two plots also show the results of independent un-
binned extended maximum-likelihood fits. In both cases, the fully reconstructed Ξ−b signal is
described by a double-Gaussian function with two free parameters: the common mean and
the total yield; the two width parameters and the proportion of each Gaussian are fixed from
simulation studies. The background is described by a first-order polynomial in the J/ψΞ− fit
and an exponential function in the J/ψΛK− fit. In the latter fit, the signal contribution from
the partially reconstructed Ξ−b → J/ψΣ0K− decays is taken into account by including an asym-
metric Gaussian in the fit model, with the shape parameters fixed from simulation studies. All
normalization values (signals and backgrounds) are free parameters of the fit.
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The signal yields from the fits described above are 859± 36 and 815± 74 for the Ξ−b → J/ψΞ−
and fully reconstructed Ξ−b → J/ψΛK− decay modes, respectively, with the uncertainties being
statistical only. The fitted Ξ−b masses of 5797.0± 0.7 and 5800.1± 1.2 MeV, respectively for the
J/ψΞ− and J/ψΛK− channels, the uncertainties being statistical only, are consistent with each
other and with the world-average value, 5797.0± 0.6 MeV [20]. The signal components corre-
sponding to fully reconstructed Ξ−b candidates are shown by the solid green curves. The fitted
yield of the partially reconstructed Ξ−b → J/ψΣ0K− contribution, reconstructed as J/ψΛK−,
is 820 ± 158, represented by the dotted-dashed curve in Fig. 2 (right). The Ξ−b fit results il-
lustrate this part of the reconstruction procedure and provide the first confirmation of the
Ξ−b → J/ψΛK− decay observed by LHCb [24].
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Figure 2: Invariant mass distributions of the selected Ξ−b candidates in the J/ψΞ
− (left) and
J/ψΛK− (right) decay channels with the fit results superimposed. The vertical solid (dashed)
lines show the mass windows discussed in the text and used in the reconstruction of the
Ξ−b π
+π− candidates in J/ψΞ− and J/ψΛK− (J/ψΣ0K−) channels.
When reconstructing Ξ−b π
+π− candidates, we select events with Ξ−b invariant mass within 54
(27) MeV of the fitted Ξ−b mass for the J/ψΞ
− (J/ψΛK−) channel, corresponding to approxi-
mately 2.8 (1.8) times the mass resolution, as shown by the vertical solid lines in Fig. 2. The
5.63 < M(J/ψΛK−) < 5.76 GeV mass region is used for the partially reconstructed Ξ−b →
J/ψΣ0K− decay mode, shown by the dashed vertical lines in Fig. 2 (right). These mass ranges
are selected through the same optimization procedure as used for the other selection criteria.




are formed by combining the selected Ξ−b candidates with two OS tracks originating from the
PV, as in Refs. [37–40]. Combinations of a Ξ−b candidate with two SS pions from the PV are
used as a control channel and form the SS control region. The analysis is performed using
the mass difference variable ∆M = M(Ξ−b π
+π−)−M(Ξ−b )− 2 mPDGπ± , which has a better mass
resolution than M(Ξ−b π
+π−), where M(Ξ−b ) represents the reconstructed Ξ
−
b mass. According
to the simulation studies, this variable also has the advantage of being insensitive to a potential
mass shift caused by the fact that the photon emitted in the Ξ−b → J/ψΣ0K−, Σ0 → Λγ decay
sequence is not reconstructed. Following the technique developed in Ref. [40], the selected
Ξ−b candidate and all tracks forming the PV are refit to a common vertex, further improving
the Ξ−b π
+π− invariant mass resolution of the fully reconstructed channels from 1.39± 0.11 to
0.94± 0.06 MeV (statistical uncertainties only), as obtained from simulation studies.
Theoretical studies [12, 13, 21] and analogous decays of excited charm baryons [20, 41] suggest
that the decay Ξb
∗∗− → Ξ−b π+π− should proceed predominantly through Ξb∗∗− → Ξ∗0b π−, fol-
lowed by Ξ∗0b → Ξ
−
b π
+. Therefore, an additional requirement is applied to enhance this contri-
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will peak at 15.73 MeV [20]. To avoid complications in understanding the Ξ−b π
+π−
threshold, we do not apply a minimum cut on this mass difference but simply require it to
be less than 20.73 MeV, with the 5 MeV addition found to be optimal when considering the Ξ∗0b
natural width and our detector resolution.
The invariant mass distribution of the selected Ξ−b π
+π− candidates is shown in Fig. 3, using
the mass difference variable ∆M. The left plot combines the data from the Ξ−b → J/ψΞ− and
Ξ−b → J/ψΛK− channels, which have identical mass resolutions, according to simulation stud-
ies (the Ξ−b is fully reconstructed in both channels). The right plot shows the events that use the
partially reconstructed Ξ−b → J/ψΣ0K− channel, with a 30% larger mass resolution. Given the
definition of the ∆M variable, the mean mass of the signal peaks should not depend on the Ξ−b
reconstruction channel.
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Figure 3: Distributions of the invariant mass difference ∆M for the selected Ξ−b π
+π− candi-
dates, with the Ξ−b reconstructed in the J/ψΞ
− and J/ψΛK− channels (left) or partially recon-
structed in the J/ψΣ0K− channel (right). The result of the simultaneous fit is also shown.
A narrow peak is seen near the threshold of the Ξ−b π
+π− system in both plots of Fig. 3. The
excess is also visible in each of the two independent decay channels, J/ψΞ− and J/ψΛK−. We
have also studied the OS and SS distributions in a wider range of ∆M (up to 280 MeV) and
found no other significant peaks. A simultaneous unbinned extended maximum-likelihood fit
is performed on the two data samples shown in Fig. 3, the result being represented by the red
curves. The signal component is described with a relativistic Breit–Wigner (RBW) function [42,
43] for the Ξb(6100)
− → Ξ∗0b π− decay, convolved with a double-Gaussian resolution function.
The mass and natural width of the signal function are the two parameters of interest in the
fit. The normalization and background parameters are different for the fully and partially
reconstructed channels, as are the resolution parameters, which are fixed from the simulation
studies. The background component is modeled with the threshold function (∆M)α, where α
is a free parameter.
The fitted mass difference of the new Ξb(6100)
− state is ∆MΞb(6100)−
= 24.14± 0.22 MeV, where
the uncertainty is statistical only. The fitted signal yields are 26± 7 and 34± 9 for the fully re-
constructed and the Ξ−b → J/ψΣ0K− channels, respectively. The relative yield of the Ξb(6100)−,
w.r.t. the Ξ−b yield, is found to be noticeably larger in the partially reconstructed Ξ
−
b channel,
compared to the fully reconstructed channels. Given the large uncertainties in the observed
small Ξb(6100)
− signal yields, this discrepancy is consistent with being a statistical fluctua-
tion. The order-of-magnitude larger signals of the Ξ∗0b → Ξ
−
b π
+ decays, with respect to the Ξ−b
ground state signals, are found to be consistent between all three Ξ−b reconstruction channels.
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The natural width of the Ξb(6100)
− is too small to be measured with the present data sample
and experimental resolution. An upper limit on Γ(Ξb(6100)
−) has been obtained through a
scan of the profiled likelihood, assuming an asymptotic distribution. The measured upper
limit, at 95% confidence level, is Γ(Ξb(6100)
−) < 1.9 MeV, where the systematic uncertainties,
discussed below, are taken into account.
The local statistical significance of the Ξb(6100)
− signal is evaluated with the likelihood ra-
tio technique, comparing the background-only and signal-plus-background hypotheses (with
four additional free parameters), using asymptotic formulas [44, 45]. The resulting significance
of the Ξb(6100)
− signal varies between 6.2 and 6.7 standard deviations, depending on the fit
model variations used to evaluate the systematic uncertainties.
Several sources of systematic uncertainties in the measured mass difference ∆MΞb(6100)−
are
considered. To evaluate the systematic uncertainties related to the choice of the fit model,
several alternative functions are tested. Uncertainties related to the choice of the signal model
are estimated by changing the resolution function from a double-Gaussian function to a single
Gaussian function or a sum of three Gaussian functions. Two alternative background models
are considered: the threshold function multiplied by an exponential and the threshold function
multiplied by a first-order polynomial. The largest deviations in the measured mass are 0.01
and 0.04 MeV, respectively, for the variations of the signal and background models; these values
are taken as the two corresponding systematic uncertainties.
The RBW function used in the signal modeling includes Blatt–Weisskopf barrier factors [43],
which depend on the radial parameter r and on the angular momentum l (spin). In the baseline
fit, r = 3.5 GeV−1 and l = 1. The corresponding systematic uncertainties are obtained by
varying r between 1 and 5 GeV−1 or by assigning l = 0. The r variations have a negligible
effect on the results, while fixing l = 0 changes the signal shape and induces a mass difference
variation of 0.01 MeV, taken as the corresponding systematic uncertainty.
To account for a possible difference between the measured and simulated mass resolutions, the
fits are repeated with resolutions scaled up or down by 1.074, a factor determined from the
comparison of the Ξ−b resolutions in data and simulation. The resulting systematic uncertainty
of the Ξb(6100)
− mass difference is 0.02 MeV.
Simulation studies show a shift of 0.07 MeV between the generated and reconstructed mass
differences; this shift is treated as an additional systematic uncertainty in the ∆MΞb(6100)−
mea-
surement.
The systematic uncertainty reflecting the ∆M fit range is evaluated by changing the upper
end of the ∆M fit range from its default 100 MeV to 80, 120, and 150 MeV. The largest mass
difference change of 0.02 MeV is taken as the corresponding systematic uncertainty.
A potential bias due to a possible misalignment of the tracker detectors is evaluated by com-
paring the results obtained with the data collected in 2016, 2017, and 2018. This is a reasonable
evaluation, given that the inner part of the CMS tracker was replaced between the 2016 and
2017 data-taking periods. The measured mass is found to be insensitive to alignment uncer-
tainties.
The total systematic uncertainty in the measured mass difference ∆MΞb(6100)−
, calculated as the
sum in quadrature of the partial terms, is 0.09 MeV.
In summary, we report the observation of a new excited beauty strange baryon, decaying to
Ξ−b π
+π−. The analysis uses proton-proton collision data collected by the CMS experiment at
7
√
s = 13 TeV, corresponding to an integrated luminosity of 140 fb−1. The measured mass dif-
ference of this state is M(Ξb(6100)
−)−M(Ξ−b )− 2 mPDGπ± = 24.14± 0.22 (stat)± 0.09 (syst) MeV.
The known Ξ−b mass of 5797.0 ± 0.6 MeV [20] is used to obtain M(Ξb(6100)−) = 6100.3 ±
0.2 (stat)± 0.1 (syst)± 0.6 (Ξ−b )MeV. It is particularly remarkable that if the Ξb(6100)− baryon
were only 13 MeV heavier, it would be above the Λ0bK
− mass threshold and could decay to this
final state. The natural width of this resonance is compatible with zero and a 95% confidence
level upper limit of 1.9 MeV has been determined.
Following analogies with the established excited Ξc baryon states [20], and considering several
theoretical predictions [12, 13, 21], the new Ξb(6100)
− resonance and its decay sequence are
consistent with the lightest orbitally excited Ξ−b baryon, with the light diquark angular mo-
mentum jds = 1 and JP = 3/2− (excitation with orbital momentum L = 1 between the b quark
and the ds diquark). This suggests that it is the beauty analogue of the Ξc(2815) baryon [41].
Measuring a natural width of the Ξb(6100)
− smaller than 1.9 MeV comes as a surprise, given
the larger values predicted by the theory calculations [12, 13, 21], based on the assumption that
the Ξb
∗∗− → Ξ∗0b π− decay proceeds predominantly via S-wave (3/2− → 3/2+0−). The obser-
vation of this baryon and the measurement of its properties provide information that should
help to distinguish between different theoretical models used to calculate the properties of the
excited Ξb states.
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L. Thomas, M. Vanden Bemden, C. Vander Velde, P. Vanlaer, D. Vannerom, L. Wezenbeek
Ghent University, Ghent, Belgium
T. Cornelis, D. Dobur, M. Gruchala, L. Lambrecht, G. Mestdach, M. Niedziela, C. Roskas,
K. Skovpen, T.T. Tran, M. Tytgat, W. Verbeke, B. Vermassen, M. Vit
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N. Vanegas Arbelaez
University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
D. Giljanovic, N. Godinovic, D. Lelas, I. Puljak
University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac, T. Sculac
Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic, D. Ferencek, D. Majumder, M. Roguljic, A. Starodumov11, T. Susa
University of Cyprus, Nicosia, Cyprus
A. Attikis, E. Erodotou, A. Ioannou, G. Kole, M. Kolosova, S. Konstantinou, J. Mousa,
C. Nicolaou, F. Ptochos, P.A. Razis, H. Rykaczewski, H. Saka
Charles University, Prague, Czech Republic
M. Finger12, M. Finger Jr.12, A. Kveton
Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala
Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin
Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
S. Abu Zeid13, S. Khalil14, E. Salama15,13
15
Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt
A. Lotfy, M.A. Mahmoud
National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
S. Bhowmik, A. Carvalho Antunes De Oliveira, R.K. Dewanjee, K. Ehataht, M. Kadastik, J. Pata,
M. Raidal, C. Veelken
Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola, L. Forthomme, H. Kirschenmann, K. Osterberg, M. Voutilainen
Helsinki Institute of Physics, Helsinki, Finland
E. Brücken, F. Garcia, J. Havukainen, V. Karimäki, M.S. Kim, R. Kinnunen, T. Lampén,
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K. Lipka, W. Lohmann24, T. Madlener, R. Mankel, I.-A. Melzer-Pellmann, J. Metwally,
A.B. Meyer, M. Meyer, J. Mnich, A. Mussgiller, V. Myronenko, Y. Otarid, D. Pérez Adán,
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Trento, Italy
P. Azzia, N. Bacchettaa, D. Biselloa,b, P. Bortignona, A. Bragagnoloa ,b, R. Carlina ,b, P. Checchiaa,
P. De Castro Manzanoa, T. Dorigoa, F. Gasparinia ,b, U. Gasparinia,b, S.Y. Hoha,b, L. Layera ,45,
M. Margonia ,b, A.T. Meneguzzoa,b, M. Presillaa ,b, P. Ronchesea ,b, R. Rossina,b, F. Simonettoa,b,
G. Stronga, M. Tosia,b, H. YARARa ,b, M. Zanettia ,b, P. Zottoa ,b, A. Zucchettaa,b, G. Zumerlea,b
INFN Sezione di Pavia a, Università di Pavia b, Pavia, Italy
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Università di Siena d, Siena, Italy
P. Azzurria, G. Bagliesia, V. Bertacchia,c, L. Bianchinia, T. Boccalia, E. Bossinia ,b, R. Castaldia,
M.A. Cioccia,b, R. Dell’Orsoa, M.R. Di Domenicoa,d, S. Donatoa, A. Giassia, M.T. Grippoa,
F. Ligabuea ,c, E. Mancaa ,c, G. Mandorlia,c, A. Messineoa,b, F. Pallaa, S. Paroliaa ,b, G. Ramirez-
Sancheza ,c, A. Rizzia ,b, G. Rolandia,c, S. Roy Chowdhurya ,c, A. Scribanoa, N. Shafieia ,b,
P. Spagnoloa, R. Tenchinia, G. Tonellia,b, N. Turinia,d, A. Venturia, P.G. Verdinia
INFN Sezione di Roma a, Sapienza Università di Roma b, Rome, Italy
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63: Also at Universität Zürich, Zurich, Switzerland
64: Also at Stefan Meyer Institute for Subatomic Physics, Vienna, Austria, Vienna, Austria
65: Also at Laboratoire d’Annecy-le-Vieux de Physique des Particules, IN2P3-CNRS, Annecy-
le-Vieux, France
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